Reynolds Averaged Navier-Stokes (RANS) simulations and analysis of a trapezoidal three element high lift wing, using CFD++, is presented in this paper. Parametric study of grid and solver effect has been done. Requirements of the grid refinement at critical locations of the geometry are discussed. Optimized volume stretching ratio has been identified through the grid independent study. Simulations using various turbulence models available in CFD++ with various grids have been performed and results are documented. Predicted trends of lift coefficient (C L ) and its maximum value (C Lmax ) are in close agreement with experimental data.
been tested on two different wind tunnels, NASA Ames 12ft Pressurized Wind Tunnel (PWT) and NASA Langley 14X22ft Subsonic Wind Tunnel (SWT). Test data was generated for the Trapezoidal Wing with three basic configurations, full span flap take-off configuration, full span flap landing configuration and part span flap landing configuration. The current simulation utilized the full-span flap landing configuration. Flap brackets have not been included in the modeled geometry. Figure 1 shows the actual picture of the Trapezoidal Wing experimental setup and Figure 2 shows the CAD model used in the present simulation. 
GRID GENERATION
The grid used in the present work has been generated by using Boeing's Modular Aerodynamic Design Computational Analysis Process (MADCAP) and Advancing Front Local Reconnection (AFLR3) grid generator. MADCAP is a surface grid generator which takes surfaces in various for-mats like STL, IGES etc. Geometry pre-processing and surface parameterization prior to input to MADCAP were accomplished using Boeing's System for Low-Speed Unstructured Grid Generation (SLUGG) software system. AFLR3 is a volume grid generator which takes triangulated surface grid in UGRID format and generates volume grid on that. AFLR3 generates the volume grid in two steps. In the first step it generates the viscous grid with prisms elements. Size and number of layers of prisms can be controlled by input parameters given to AFLR3. In second step of volume grid generation AFLR3 uses advancing front algorithm to fill the remaining domain with tetrahedral elements.
Surface grid at various critical regions has been refined to capture the various flow features involved. After finding out the critical regions and refining those adequately, stretching ratio (SR) has been varied to capture the wake generated from various elements and its interactions with the boundary
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Computational Simulation of Flow Over a High Lift Trapezoidal Wing layers of other elements. Variable normal spacing on the surface has been used in conjunction with the thickened boundary layer. Table 1 shows the detail of the various grids used in the simulation. 
SIMULATION METHODOLOGY
A compressible Reynolds Averaged Navier Stokes solver, CFD++ has been used to perform simulations. CFD++ uses cell centered, finite volume and implicit/explicit algorithms to solve the Navier Stokes equations on unstructured/structured grids. In CFD++ various topography parameter free models are used to capture turbulent flow features. The nonlinear subset of these models accounts for Reynolds stress anisotropy and streamline curvature. All turbulence models can be integrated directly to the wall or with a sophisticated wall function which accounts for compressibility as well. A rectangular domain of size 100 times the body length in all the three directions has been taken for simulations. Free stream pressure and velocity are imposed at the boundaries. Solve to wall approach has been used as the grids have been resolved to very small Y+ (less than 1) value. Steady state simulations have been performed for all the cases. Minmod flux limiter is enabled to limit the interpolation slope in second order scheme. Convergence of the simulation depends on the turbulence model used and the angle of attack. Each simulation takes around 16 hours of wall time to complete 1000 implicit iterations on a grid size of around 28 million grid cells with 128 processors. Convergence histories of both residuals and forces were monitored. The simulations have been performed on Eka super-computer, situated at Computational Research Laboratories, Ltd., Pune, India. Eka is a cluster of high-end compute nodes connected with high speed communications networks. With 1800 nodes, the system has a peak compute capacity of 172 teraflops and has achieved sustained compute capacity of 132.8 teraflops for the LINPACK benchmark.
RESULTS AND DISCUSSIONS
Simulations using various turbulence models available in CFD++ with various grids have been performed and results are discussed. Predicted trends of lift coefficient (C L ) and its maximum value (C Lmax ) are in close agreement with experimental data.
Turbulence Models
A baseline grid with 16 million cells has been generated on the Trapezoidal Wing with a SR of 1.23 (Grid A). Simulations for angle of attack (α) ranging from 0 to 35 degrees in steps of 5 degree have been performed. To capture C Lmax, angle of attack is varied in close intervals of 1 degree between 30 to 34 degrees
The computations in the current work utilized various turbulence models (SA, KERT, SST) with the flow assumed to be fully turbulent. All baseline simulations utilized low Mach number preconditioning and were started from free-stream initial conditions. Figure 3 
Surface grid density effects
For validation of any CFD simulation, study of convergence of the computed solution with increasing grid density is very important. To improve the accuracy of the computed solution, surface grid at critical locations like wing body junction, wing, flap, slat and the gaps between the elements is refined. The resulting grid B is generated with the same SR 1.23 as grid A. The consequence of refining the grid at locations mentioned above is reflected in the simulation results. This can be seen from the C L vs. α curve in Figure 7 . Surface grid refinement resulted in improvement of the linear range of the C L -α curve. The effect of grid refinement on C D is shown in Figure 8 . The difference between experimental and simulation values of C D is probably because of brackets present on the experimental geometry. Figure 9 shows the surface restricted streamlines for this case. It can be seen that flow is attached on majority of the wing as compared to baseline case. The number of cells after surface grid refinement is 26 million. 
Pre-conditioning Effects
For the regions where the flow-field is characterized by very low speeds, compressible flow solvers require special treatment to account for the high artificial dissipation at numerical flux. CFD++ has a general implementation of time-derivative pre-conditioning, which involves pre-multiplying the timederivative term in the governing differential equations by a matrix which alters the rate of evolution of the physical problem. This approach arguably leads to two advantages improved convergence rates as a result of the reduced stiffness and improved accuracy as a result of the reduced dissipation. CFD++ has a provision for user to turn pre-conditioning ON or OFF, or turn it ON from a particular time step. The current case has been run with both pre-conditioning ON and OFF using SA and KERT turbulence models. As expected, no significant difference is observed between the pre-conditioned and non-pre-conditioned cases as shown in Figure 10 and 11. 
Effect of volume stretching ratio and variable normal spacing on surface
The interaction of the wakes and boundary layers control the physics of high lift systems. Resolution of wakes and boundary layers of varying thicknesses over geometry components of widely varying sizes is of great importance in prediction of maximum lift. The first normal distance is scaled with the location and local Reynolds number to better resolve the boundary layer. Also the boundary layer grid is thickened to capture the wake as shown in Figure 12 .
Grid attributes such as normal spacing near the surface, grid density in wake regions and grid stretching ratio have large effect on the accuracy of the computed solution for complex high-lift flows. Grid stretching ratio was reduced in steps from 1.23 to 1.10 (number of cells varying from 21 million up to 70 million). These grids has been labeled as A, C, D and E as given in Table 1 .
Results for C L Vs α and C D Vs α for the various grids have been shown in Figures 14, 15 , 16 and 17. It can be seen that there is not much improvement in the results for values of SR less than 1.18 (Table 2) . Results on grid C are now able to predict the linear as well as stall behavior with 2% of accuracy. In general the simulated lift curve closely resembles the experimental lift curve to engineering accuracy. Figure 13 shows surface restricted streamlines for grid C case.
It can also be observed from the results that SA turbulence model performs better compared to KERT and SST models. Table 3 . 
CONCLUSIONS
Computational simulation of high-lift NASA trap wing has been carried out using CFD++ on unstructured grids. C Lmax prediction has been achieved to engineering accuracy. A systematic surface and volume grid refinement is done to capture the complex flow encountered in the high-lift system. Various critical regions on elements have been identified for grid refinement to improve lift prediction. Grids with variable normal spacing on the surfaces have been used with different volumetric stretching ratio to capture the wakes and interactions of these wakes with the boundary layers. The simulation results of 28 million cells grid and stretching ratio 1.18 shows good match with the experimental data. Further reduction in the stretching ratio rapidly increases the number of cells without any significant improvement in the C L vs. α curve compared with experimental values. It can be concluded that 28 million cells with SR 1.18 is sufficient if grid characteristics are right.
Although all the three turbulence models SA, KERT and SST perform well in the linear range of C L vs. α curve, it has been observed that the SA turbulence model performs better compared to KERT and SST models in the stall range of C L -α curve. To further improve the simulation results, unsteady simulations can be performed. Also modeling of the brackets can possibly help to improve the simulation results because of a closer match between the computational and experimental geometries.
